We tested the hypothesis that vision processes spatially distributed information more effectively than it does the same information distributed temporally. Three experiments assessed perception, short-term memory and learning with sequences and arrays of random luminances. Individual items in some stimuli were presented sequentially, at a rate of 8 Hz; individual items in other stimuli were presented simultaneously, as a spatial array. For temporal sequences, subjects judged whether the last four of the eight luminances replicated the first four; for spatial arrays, they judged whether the rightmost four luminances replicated the leftmost. Performance was considerably better with spatial presentations, even when the entire spatial array was presented for a small fraction of a temporal sequence's duration. In a final experiment, particular spatial arrays or temporal sequences were made to recur intermittently, interspersed among, nonrecurring stimuli. Performance improved steadily as those particular stimuli recurred. Despite equivalent baseline performance levels and equivalent rates of learning with spatial and temporal stimuli, the two modes of presentation seem to recruit distinct processes.
Time and space are two of the basic dimensions along which human cognition is organized (Kant, 1787 (Kant, /1998 . Within either of these basic dimensions, many cognitive tasks require some ability to detect correlations among components of stimulus. Because that ability is particularly important for sensory and memory-dependent tasks, we decided to compare detection of correlation in spatial arrays against detection of correlation in temporal sequences. For the sake of an equitable comparison, our spatial and temporal stimuli comprised random luminances drawn from the same pool. Moreover, for both classes of stimuli, subjects performed the same task. Agus, Thorpe, and Pressnitzer (2010) introduced a powerful paradigm for studying detection of one form of correlation, namely, repetition. Tested with one-second long sequences of samples of auditory noise, subjects judged whether noise samples in the last half of the stimulus did or did not replicate the samples in the first half. Although most noise sequences were generated afresh for every trial, some were preserved (''frozen'') and made to recur identically at random times during a block of trials. Subjects' ability to detect a repetition within these frozen sequences improved over successive presentations, implicating the formation of longer-term memory for the recurring sequences. Note that this improvement over trials occurred independently of the subject's actual task, which was limited to detecting repetition within whatever sequence was heard (McGeogh & Irion, 1952) .
Subsequently, Gold, Aizenman, Bond, and Sekuler (2013) adapted Agus et al.' s paradigm in order to study detection of correlation within visual rather than auditory sequences. Subjects saw eight-item sequences of quasi-random luminances presented at 8 Hz to a single region of a computer display, and judged whether the last four replicated the first four, that is, whether there was a perfect pairwise correlation between luminances n 1 and n 5 , n 2 and n 6 , n 3 and n 7 , and n 4 and n 8 .
Performance generally paralleled what Agus et al. had found earlier with auditory noise, including evidence of learning when particular sequences intermittently recurred. It is well known that vision has particular sensitivity to mirror-image symmetry in spatial stimuli, such as random dot patterns and patterns constructed by summing radial frequencies (Wilson & Wilkinson, 2002) , although the underlying processes seem to vary with stimulus type (Staller & Sekuler, 1980 ). Vision's extraordinary sensitivity to mirror symmetry, led Gold et al. to generate some sequences in which luminances repeated in temporal mirror symmetry. Interestingly, unlike various spatial displays, in which mirror symmetry is readily detected, temporal mirror symmetry proved to be virtually undetectable.
We hypothesized that differences in responses to spatial mirror-image symmetry and responses to such symmetry in a temporal sequence might reflect some basic difference between the ways in which spatial information and temporal information are processed. Such a difference would be consistent with experimental evidence that, unlike working mem-ory for spatial information, working memory for temporal sequences is marked by increased power in cortical theta oscillations (4-7 Hz; Hsieh, Ekstrom, & Ranganath, 2011; Roberts, Hsieh, & Ranganath, 2013) . In fact, several researchers have theorized that theta oscillations' role is crucial when a task requires encoding of a temporal sequence (Lisman & Idiart, 1995; Jensen, 2006; Lisman & Buzsáki, 2008; Vogel & Fukuda, 2009) .
Additionally, the ''modality-appropriateness'' conjecture (Welch & Warren, 1980 ) calls attention to basic differences between vision's ability to transduce and encode spatial rather than temporal information. For example, behavioral and neuroimaging studies show that vision enjoys an advantage over audition when spatial information must be processed, but that the advantage is reversed when temporal information must be processed (Welch, 1999; Welch, DuttonHurt, & Warren, 1986; Hove, Fairhurst, Kotz, & Keller, 2013; Lukas, Philipp, & Koch, 2014; Michalka, Kong, Rosen, Shinn-Cunningham, & Somers, 2015) . With that perspective in mind, we compared detection of repetition within visual stimuli presented either as temporal sequences or as spatial arrays. Stimuli were modeled closely after those of Gold et al. (2013) . In order to make comparisons between spatial and temporal modes of presentation as even handed as possible, subjects made the same kind of judgment with both modes of stimulus presentation. Moreover, for both modes of presentation, stimuli were drawn from the same pool of items.
The algorithm from Gold et al. was used to generate the luminances that comprised our stimuli. For each temporal stimulus, eight luminances were presented in succession with no break between items. Presentation of the sequence took one second. For spatial stimuli, luminances were presented simultaneously, cheek to jowl. For both types of stimuli, subjects performed the same task, namely, judging whether a subset of contiguous luminances was or was not replicated within the stimulus. Three experiments examined subjects' performance with stimuli presented either as temporal sequences or as spatial arrays. In line with the modality appropriateness conjecture, stimuli were processed more readily in spatial rather than in temporal mode. Moreover, when a particular stimulus was made to recur intermittently, performance improved and did so at comparable rates for both modes of presentation.
Experiment One
With visual stimuli and a task like those in Gold et al., our first experiment had several aims. First, it sought to compare spatial and temporal presentations for the ease with which replicated contiguous luminance subsets could be detected in each. Second, it re-examined the finding that subjects could not detect mirror-image replication of items within temporal sequences of luminances. Specifically, the experiment asked whether that null result was caused by the temporal mode of presentation or by the nature of the items comprising the sequences. After all, the ease of detecting mirror symmetry is known to depend somewhat on display characteristics (Wenderoth, 1994; Wilson & Wilkinson, 2002) . Therefore, it is reasonable to consider the possibility that detection of symmetry also varies with mode of presentation.
Method
Subjects. Fourteen subjects, seven female, who ranged from 18 to 22 years of age, participated. In this and the other experiments reported, subjects had normal or corrected to normal vision (measured with Snellen targets) and were compensated ten dollars (U.S.) for participating. Each gave written consent to a protocol approved by Brandeis University's Committee for the Protection of Human Subjects.
Apparatus. Stimuli were generated in Matlab (version 7.10) using the Psychophysics Toolbox extensions (Brainard, 1997 ). An Apple iMac computer presented the stimuli on a cathode ray tube display (Dell M770) set at 1024×768 pixels screen resolution, and 75 Hz frame rate. A gray background on the display was fixed at 22 cd/m 2 . A chin rest enforced a viewing distance of 57 cm. The room was darkened during an experiment. Unless otherwise specified, the conditions just described were maintained across all experiments.
Stimuli. The luminances in a stimulus were determined by sampling from a random Gaussian distribution whose mean, 22 cd/m 2 , was equal to the display's steady uniform background luminance. The distribution's standard deviation (8.66 cd/m 2 ) was supplemented by upper and lower cutoffs that forced all luminances to fall within the range from 2.33 to 41.67 cd/m 2 (for additional details, see Gold et al. (2013) ). Note the small variance among luminances made items in a stimulus relatively homogeneous, which reduced the likelihood that any one luminance would stand out as unique, and would therefore aid subjects' decision making.
The experimental design called for five conditions of stimulus presentation: one temporal (Temporal), and four different spatial (Spatial). Each Temporal stimulus comprised eight luminances, presented one after another at 8 Hz to the same square region at the center of the display. Each Spatial stimulus comprised a horizontal array of luminances presented simultaneously around the display's center (see Fig. 1 ). Although the luminances and timing of Temporal stimuli were identical to those in Gold et al., an item in any stimulus sequence was 1.25
• square, ∼4× smaller than in that study. This reduced size ensured that no item was more than 5
• to the left or right of fixation.
Each Spatial stimulus was displayed for either 62.5, 125 or 250 ms. Hereafter, these stimuli are referred to as S 62 , S 125 , and S 250 stimuli, respectively. Note that variation in display timing means these designations are accurate only to ±1 msec. To these three Spatial conditions of varying duration, we added one more in which left and right halves were mirror reflections of one another. This type of stimulus, which we call Spatial Mirrored (S m ), was presented for 62.5 ms. In order to prevent identical regions lying adjacent to one another at the center of the array, which would have been a highly-distinctive diagnostic feature, S m stimuli comprised seven square regions instead of eight. An entire Spatial array subtended 10
• horizontally, while S m arrays' horizontal subtense was slightly less, 8.75
• . For all Spatial displays, components were aligned horizontally with no gaps between.
Design. Fourteen subjects were tested in each condition, with order of conditions counterbalanced across subjects. Each subject completed ten blocks of 110 trials, two blocks for each condition, for a total of 1100 trials. Each block contained equal number of Non-Repeat and Repeat stimuli. In an effort to control influences that might carryover between conditions, the first 10 trials in each block were treated as practice, and were not included in data analysis. The order of the trials within each block was randomized for each subject. Both of these can be described as Spatio-temporal as items were presented sequentially, but to adjacent, non-overlapping regions of the display, progressing sequentially, either from left-to-right or from right-to-left.
Procedure. After subjects gave written informed consent, they saw a series of diagrams and verbal explanations that familiarized them with the task and the types of stimuli they would see. During the experiment, all stimuli were presented centered on the video display. Three hundred msec after each stimulus, a message on the display prompted subjects to press one of two keyboard keys in order to signal whether they thought the stimulus had been Repeat or NonRepeat. Immediately after a correct response, a distinctive tone provided feedback. 
Results and Discussion
We began by evaluating overall performance, expressed in terms of d' for the Temporal condition and the four Spatial conditions, S 62 , S 125 , S 250 , and S m . For each block of trials and each subject, d' was calculated by subtracting z.pr(false alarms) for Non-Repeat trials from z.pr(hits) on Repeat trials. Hits were defined as responses of "Repeated" to Repeat stimuli; false alarms were defined as responses of "Repeated" to Non-Repeat stimuli. Fig. 2 shows the mean performance in each condition. An overall analysis of variance revealed significant differences among the five conditions (F(4,52) = 36.017, p <.001, η 2 = 0.73). In order to understand how the mode of presentation affects performance, we compared performance in three Spatial conditions, S 62 , S 125 , and S 250 against that in the Temporal condition. Detection of repeat items within any of the Spatial stimuli was significantly above that in the Temporal condition stimuli, which was confirmed by a repeated-measures ANOVA in which the mean of the three Spatial conditions was contrasted against performance in the Temporal condition (F(1,13) = 54.337, p <.001, η 2 = 0.81). A follow up t-test showed that even with the briefest Spatial stimuli, S 62 , performance was better than with Temporal stimuli (t(13) = 4.76, p<.001, d = 1.31). Thus, the spatial mode of stimulus presentation produced superior performance even when that spatial stimulus was presented for only 1/60 th the duration that required to complete each Temporal sequence.
Next, we examined how the duration of Spatial stimulus affected performance. An analysis of variance showed that performance differed significantly among the three Spatial conditions (F(2,26) = 6.921, p <.01, η 2 = 0.35), confirming the importance of duration. Fig. 2 shows that performance in the Spatial Mirrored, S m , condition was superior to that in any other condition. This confirms previous findings with spatial arrays in which mirrored or reflectional symmetry is more easily detected than are other forms of repetition (Baylis & Driver, 1994; Bruce & Morgan, 1975; Corballis & Roldan, 1974; Barlow & Reeves, 1979; Machilsen, Pauwels, & Wagemans, 2009; Palmer & Hemenway, 1978; Wagemans, 1997) . It also demonstrates that the poor performance Gold et al. (2013) found with mirror symmetrical temporal sequences was probably caused not by the fact that their stimuli comprised random luminances, but by the temporal mode in which their stimuli were presented.
Although early vision's spatial and temporal dimensions are to some degree to be separable (Wilson, 1980; Falzett & Lappin, 1983) , many psychophysical and physiological results point to links between the processing of spatial information and the processing of temporal information (e.g., Doherty, Rao, Mesulam, & Nobre, 2005; Rohenkohl, Gould, Pessoa, & Nobre, 2014) . These links include the suggestion that information from the two dimensions of processing converges at some site in the parietal lobe (e.g., Walsh, 2003; Oliveri, Koch, & Caltagirone, 2009 ). Such convergence might encourage temporal and spatial streams of information to sum, as has been shown in some psychophysical studies (Goldberg, Sun, Hickey, Shinn-Cunningham, & Sekuler, 2015; Keller & Sekuler, in press ). Although the tasks in these studies differed from our own, they do suggest the possibility that concurrent spatial and temporal information might produce better performance than what would be produced by either source alone. Experiment Two addressed this possibility, comparing performance with spatial, temporal and combined, spatio-temporal stimuli.
Experiment Two
In Experiment One, detection of repetition within Spatial stimuli was considerably better than when the same items were presented in Temporal mode. In the natural world, many events are characterized not by spatial or temporal information alone, but by a combination of the two. For example, the combination of stimulus variation over both space and time contributes importantly to event recognition and understanding (Cristini, Bicego, & Murino, 2007; Shipley & Zacks, 2008) . Experiment Two examined whether concurrent availability of spatial and temporal information facilitated detection of repetition within a stimulus. One detail of the experiment's design was motivated by the directional bias seen previously, when subjects processed spatio-temporal stimuli (R. Sekuler, 1976; R. Sekuler, Tynan, & Levinson, 1973; Corballis, 1996) . To examine how such a bias might influence performance with spatio-temporal stimuli in our task, we tested sequences whose items were presented temporally in left-to-right order, and sequences in which items were presented temporally in the reverse direction.
Method
Subjects. Fifteen new subjects, seven female, who ranged from 19 to 30 years of age took part. One subject's data was removed from analysis due to very low accuracy compared to the rest of the subjects. As before, all had normal or corrected to normal visual acuity.
Stimuli. Stimuli were generated as in Experiment One. Of the four types used, two, Temporal and S 62 , were carried over identically from Experiment One. To these, two new conditions were added, which we call Spatio-Temporal, Left-Right (S lr ) and Spatio-Temporal, Right-Left (S rl ). In both these new conditions, eight square regions varying in luminance were presented successively, as in the Temporal condition. However, unlike the Temporal condition, successive luminances were not presented to the same region of the display. For S lr stimuli, luminances were presented successively, the first to a region centered at 5
• to the left of fixation, then shifting in steps of 1.25
• , and ending at 5
• to the right of fixation; in contrast, for S rl stimuli, luminances were presented successively first to a region centered at 5
• to the right of fixation, then shifting in steps of 1.25
• to the left of fixation. In both conditions, the span covered by these stepwise presentations of luminances was 10 • , the same horizontal distance subtended by a stimulus in the S 62 condition. Each item in S lr and S rl was presented for ∼125 ms, the same duration as each item in the Temporal condition.
Design and Procedure. Each subject was tested in all conditions in orders that were counterbalanced across subjects. Each subject completed four blocks of 160 trials, one block for each condition. In each block, equal number of Repeat and Non-Repeat stimuli were randomly interleaved (see Fig.  1 ). As before, the first 10 trials of each block were treated as practice, and were excluded from the analysis. The procedure was otherwise identical to that in Experiment One. Fig. 3 shows the mean detection of repetition for the four kinds of stimuli. Performance, expressed as d', varied reliably across stimulus type, which was confirmed by a repeated measures ANOVA (F(3,39) = 4.073, p <.05, η 2 = 0.24). Performance was best when a stimulus was displayed spatially: performance on the Spatial stimulus (S 62 ) exceeded that on any of the other three types of stimuli. Additionally, as Experiment One had shown, detection of within-stimulus repetition was better in the Spatial condition than in the Temporal condition, even though all Spatial presentations were very brief (t(13) = 2.44, p <.05, d = 0.61). Further, when spatial and temporal information were packaged together within a single stimulus (that is, in S lr or S rl stimuli), the combination failed to enhance detection above what was seen with Temporal information alone. Moreover, the direction in which spatial information appeared --left to right or vice versa--was inconsequential (F(2,26) = 0.464, p= .63, η 2 = 0.03). The null result with direction of presentation, left-to-right vs. right-to-left, contrasts with some previous demonstrations of a directional bias (Effron, 1963; Umiltà, Stadler, & Trombini, 1973; R. Sekuler et al., 1973; R. Sekuler, 1976; Corballis, 1996; Effron, 1963; Mills & Rollman, 1980) . The failure to find such a bias could have resulted from differences between the task in our experiment and ones used previously. Our subjects had to judge whether some portion of the sequence repeated or did not repeat; studies that found left-right or right-left preference required subjects to judge some temporal characteristic of the stimuli, such as order or simultaneity. Additionally, our stimuli were not restricted to one visual hemifield, but crossed the midline. This might have required that attention be distributed across hemifields, thereby dampening differences that might have otherwise been revealed (Awh & Pashler, 2000; Alvarez & Cavanagh, 2005; Delvenne, 2005; Chakravarthi & Cavanagh, 2009; Reardon, Kelly, & Matthews, 2009; Delvenne, Castronovo, Demeyere, & Humphreys, 2011) . Finally, because different stimulus conditions were tested in blocks of trials, subjects could have learned and anticipated the successive positions of items in a Spatio-temporal sequence. Despite instructions to maintain gaze at the fixation point, the predictability of the stimuli, which were presented in blocks of trials, might have encouraged some anticipatory shifts in fixation to the positions that would be occupied by successive items. Had the anticipatory saccades been well timed, they would have caused spatially distributed successive items to fall on a single region of the retina, converting the spatio-temporal stimulus into one that effectively approximated a Temporal one. Even in the absence of overt changes in fixation, shifts in spatial attention might have mediated an equivalent conversion from spatio-temporal to spatial (e.g., Akyürek & van Asselt, 2015) . Importantly, the results show no evidence that combining two sources of information, spatial and temporal, aids performance in our task. In fact, that combination actually undermined performance compared to what had been achieved with Spatial stimuli. It might be that poor performance reflected the difficulty associated with simultaneously trying to coordinate the information derived from separate temporal and spatial streams (Dutta & Nairne, 1993) .
Results and Discussion
Our study was designed in part to examine differences and similarities between processing of temporal and spatial visual stimuli. Experiments One and Two revealed that performance with luminances presented as spatial arrays was superior to performance with comparable items presented temporally. Moreover, the superiority of spatial processing was preserved even down to the briefest spatial presentations. Both experiments focused on within-trial performance, subjects' detection of repetition within the stimulus on a single trial. Previous research showed that under special conditions, detection of repetition can accumulate over trials, given evidence for learning in both auditory and visual domains (Agus et al., 2010; Gold et al., 2013) . Our third experiment examined the possibility of comparable visual learning with spatial and temporal modes of stimulus presentation.
Experiment 3
With stimuli like those in our Temporal sequences, Gold et al. (2013) found that allowing the same stimulus to recur exactly, multiple times within a block of trials, improved subjects' ability to detect within-sequence repetition of luminances. Experiment Three was designed to replicate that result and to determine whether the gradual, trial-by-trial improvement with Temporal sequences would be seen also with Spatial arrays. We were also equally interested to see if there would be any differences between trial-over-trial improvements observed in the spatial and temporal conditions. In order to test this, subjects were given intermittent trials on which the very same Repeat stimulus was recycled, hereafter, Fixed Repeating Luminances (frozenRepeat). On these trials, exactly the same eight items comprised each presentation.
In order to ensure that our intended comparison between Spatial and Temporal stimuli would be equitable, we carried out a pilot study to identify a duration at which performance with a Spatial stimulus would match that with a Temporal stimulus. Experiments One and Two showed that when presented for as little as 62.5 msec, a Spatial stimulus produced significantly better performance than a Temporal stimulus (Figs. 2 and 3) . Therefore, to identify a Spatial stimulus for use in Experiment Three, we tested three experimentally naive subjects with the Temporal stimulus and with Spatial stimuli presented for durations of either 21, 25 or 31 msec, durations ∼50% or less than that of the 62.5 msec Spatial stimulus. As in the first two experiments, subjects judged whether the luminances in one half of a stimulus did or did not replicate Note that an entire sequence of a frozenRepeat stimulus repeats identically in some later trial.
the luminances in the other half. Of the Spatial conditions, stimuli presented for 31 msec produced the d closest to that of the Temporal condition (0.96 and 0.98, respectively). So, for Experiment Three, a Spatial stimulus presented for 31 msec could be expected to produce performance comparable to that with the Temporal stimulus. Spatial stimuli in Experiment Three were each presented for 31 msec, the value identified in preliminary testing; Temporal stimuli were each generated as in Experiments One and Two. As already explained, for each mode of presentation, Spatial and Temporal, the experimental design included some trials on which a particular Repeat stimulus was made to recur. The purpose was to see whether subjects' performance would improve with successive encounters with the same Repeat stimulus, not only with Temporal stimuli, as previous research (e.g., Gold et al., 2013; Agus et al., 2010) found, but also with Spatial stimuli, and also to compare the rates of learning in both.
Method
Subjects. Fourteen new subjects, twelve female, who ranged from 19 to 30 years of age participated. One subject's data were discarded after it was discovered that she consis- Temporal Spatial Figure 5 . Mean d' for repeated (freshRepeat) and Fixed repeated (frozenRepeat) stimuli in temporal and spatial modes of presentation. Hit rates for freshRepeat stimuli and frozenRepeat stimuli were calculated relative to the corresponding false alarm rates for Non-Repeat stimuli. Error bars represent within-subject ±1 SeM. All values are based on averages taken over both blocks of trials for each subject.
tently made the same response regardless of the stimulus, that is, her responses were clearly not under stimulus control. Stimuli. Excepting the shortened duration of Spatial stimuli, all stimuli were generated and displayed as in Experiments One and Two. As before, Temporal and Spatial stimuli were presented in separate blocks of trials. For both Temporal and Spatial stimuli, within each block of trials, precisely the same Repeat stimulus intermittently recurred multiple times. These particular Fixed Repeated (frozenRepeat) stimuli were interspersed among Repeat stimuli that were generated afresh for each presentation (hereafter, freshRepeat stimuli) and Non-Repeat stimuli, which were also generated anew for each trial. The particular frozenRepeat stimulus that recurred was newly generated for each subject and block of trials.
Design and Procedure. Each subject was tested on two blocks of Temporal and Spatial stimuli. The order of presentation was counterbalanced across subjects. Each block comprised 220 trials (55 frozenRepeat, 55 Repeat, 110 NonRepeat) trials. Because subjects would encounter three different kinds of stimuli rather than only two, as they had in the previous experiments, we deemed the first 20 trials rather than just the first 10 as practice. A unique frozenRepeat stimulus was generated for each subject and block of trials. The order of trials was randomized within each block, with the constraint that two frozenRepeat trials could not occur in immediate succession. This constraint separated successive occurrences of the same frozenRepeat stimulus byM = 3.9 trials (SD = 3.0). Subjects were never informed that some stimuli would recur.
Results and Discussion
Unlike in the previous experiments, here, each subject was tested in two separate blocks of trials with each condition. To verify that results from the replications were comparable and that exposure to the frozenRepeat stimuli in the first replication did not affect performance with different frozenRepeat stimuli in the second replications, we examined responses to the first 10 Repeat stimuli in each block. For Temporal frozenRepeat stimuli, hit rates wereM=0.82 and 0.79 for the two replications; for Spatial frozenRepeat stimuli, the hit rates in both replications wereM=0.76. As neither difference between replications was statistically reliable (each p>0.50), we aggregated results across the two replications of each condition. Fig. 5 shows d' values for freshRepeat and frozenRepeat stimuli for Temporal and Spatial conditions. Values were computed using the same method as in the previous experiments. A 2×2 repeated measures ANOVA tested the effects of mode of presentation (Temporal vs. Spatial) and stimulus recurrence (frozenRepeat vs. freshRepeat), and the interactions between these.
Only stimulus recurrence produced a significant main effect: F(1,12) = 19.605, p<.001, η 2 = 0.62. More specifically, performance with Temporal frozenRepeat stimuli was better than with Temporal freshRepeat, (t(12) = 4.53, p <.001, d = 1.17). Similarly, performance on Spatial frozenRepeat trials was significantly better than Spatial freshRepeat trials (t(12) = 3.062, p <.05, d =0.74). The mode of presentation, Temporal vs. Spatial, did not produce a significant effect (F(1,12) = 0.01, p = .91, η 2 = 0.0009). The performance advantage enjoyed by frozenRepeat, for both temporal and spatial modes of presentation, shows that subjects were able to exploit the intermittent recurrence of a particular Repeat exemplar within a block of trials. Finally, the interaction between stimulus recurrence and mode of presentation was not significant (F(1,12) = 0.823, p = 0.38, η 2 = 0.06). So, despite no forewarning that particular stimulus exemplars might recur over trials, subjects proved more adept at detecting within-stimulus repetition in stimulus exemplars that recurred.
General Discussion
Each of three experiments evaluated the ability to detect repetition of elements within a set of quasi-random luminances presented either as temporal sequences, as spatial arrays, or as sequences in both time and space. Subjects were generally better at detecting repetition within a stimulus when stimulus components were displayed as a spatial array rather than as a temporal sequence. To equate performance between the two modes required that spatial arrays be presented for a small fraction of a second. Further, combining spatial and temporal features not only failed to enhance performance but actually produced poorer performance relative to when the stimulus was a simple spatial array. Random intermittent presentation of the same stimulus exemplar improved detection of repetition within that stimulus, and did so at about the same rate for both Spatial and Temporal modes of presentation. Finally, when luminances comprising one side of a spatial array were mirror reflected on the other side, detection of repetition was best, which differs from what Gold et al. (2013) found with sequentially presented luminances that were arranged mirror symmetrically.
Experiment Three showed that overall performance with recurring (''frozen'') exemplars exceeded performance with non-recurring (''fresh'') exemplars. To examine the rate at which performance changed over trials, we generated the learning curves shown in Fig. ? ?. The figure's left and right panels show hit rates for frozenRepeat and freshRepeat stimuli, respectively. To generate Fig. ? ?, all Temporal frozenRepeat trials and all Spatial frozenRepeat trials were separately averaged within successive sets of five trials. This process, carried out for Temporal as well as Spatial stimuli, generated 11 sets of trials per stimulus type. The figure displays the proportion of correct pr(''Repeat'') responses (''hits''), against the ordinal number of the mean trial within each successive set of trials.
Both Spatial and Temporal results with frozenRepeat stimuli exhibit a gradual increase over trials. To quantify what seems to be evidence of learning, we generated 1,000 bootstrap samples for each of four different stimulus types: the freshRepeat and frozenRepeat varieties of both Spatial and Temporal stimuli. From each bootstrap sample, we computed the slope of the best-fit linear function linking pr(''Repeat'') judgments to the ordinal position that a stimulus occupied within a block of trials. If learning were stimulus selective, that is, if it were most pronounced for recurring stimuli, slopes for frozenRepeat stimuli would be positive and would exceed those for freshRepeat stimuli. To test this prediction, we found the mean and 95% confidence intervals from 1,000 bootstrapped linear fits for each of the four conditions. For frozenRepeat stimuli, the means of bootstrapped slopes for both Temporal and Spatial variants were reliably positive,M = 0.0017, 95% CI [0.0017, 0.0018] andM = 0.0011, 95% CI [0.0010, 0.0012] for Spatial and Temporal stimuli, respectively. For freshRepeat stimuli, mean slopes wereM = 0.00055, 95% [.00049, 0.00068] andM = -0.00056, 95% CI [-0.00065, -0.00036] for Spatial and Temporal stimuli respectively. These results confirm that with frozenRepeat stimuli, in particular, subjects' performance shows a reliable improvement with successive trials. Moreover, the trial-over-trial performance increase with frozenRepeat stimuli occurred in nearly equal measure with both spatial arrays and temporal sequences.
Even though performance on Spatial and Temporal stimuli had been equated and even though subjects achieved almost the same level of final performance with frozenRepeat stimuli of both types, the two modes of presentation certainly entailed different task demands. First, the two modes of presentation put very different burdens on the short-term memory. To appreciate this point, consider what might be required in order for a subject to detect the presence of repeated items within a temporal presentation. The task instructions imply that a subject might perform a serial self-terminating search (Sternberg, 1966) , separately encoding and remembering each of a sequence's first four luminances, n 1 ... n 4 , and then comparing the memory of each against its corresponding luminance, that is, comparing n 1 to n 5 , n 2 to n 6 , and so on. As in a self-terminating search, if a sufficiently strong mismatch signal resulted from any of these comparisons, the appropriate response would be ''No Repeat''; if no such mismatch signal resulted from any comparison, the appropriate response would be ''Repeat''. This analysis of the task demands imposed by Temporal stimuli suggests why detecting mirror symmetry in such stimuli is so difficult, as Gold et al. showed . After all, that form of the task would require one or more additional complex steps in which items in working memory are reordered. In contrast to the serial processing imposed by Temporal stimuli, the characteristics of our Spatial stimuli could have supported a different approach. In particular, each spatial array was sufficiently limited in size (within ±5
• of fixation) and each item within an array was sufficiently large that information in our spatial arrays could have been processed in parallel (R. W. Sekuler & Abrams, 1968 ).
These differences between tasks imply that subjects would have adopted different approaches when trying to detect repetition within Spatial or Temporal stimuli. To gauge whether subjects adopted different strategies for the two types of stimuli, we examined the degree to which each individual subject's performance with Spatial stimuli was correlated with that same subject's performance with Temporal stimuli. For this purpose, we calculated Pearson correlations from subjects' d values for Spatial and Temporal stimuli. The results, separated by the experiment from which they came, are shown in Table 1 . Arguably, the most dispositive results are those from Experiment Three, whose baseline performance had been equated for Spatial and Temporal stimuli. Those low r values (0.02 and 0.25) support the idea that, despite similar behavioral outcomes, detection of repetition was not performed via the same route for both types of stimuli.
The change in performance over trials shown in Fig. ? ? is reminiscent of results from studies of statistical learning (Seitz, 2010) . Such studies show that subjects can learn the statistical regularities that are present in seemingly meaningless stimuli. Moreover, that learning takes places relatively quickly, with no explicit instruction to do so, and can be seen for both temporal sequences and spatial arrays (Fiser & Aslin, 2001 . Although our results do point to several clear differences between the processing of luminance information (Holm, 1974; Revelle, 2015) presented as spatial arrays and the processing of the same information presented as a temporal sequence, it is difficult to know for certain how far these results generalize. After all, as for most psychophysical studies, the stimuli we worked with do not tile their respective spaces, that is, we have examined just a few exemplars from the large number of possible stimuli and tasks. With that non-trivial caveat in mind, our results do provide strong support for the ''modality-appropriateness'' conjecture (Welch & Warren, 1980 ) about vision's advantage in transducing and encoding spatial rather than temporal information.
